In vertebrates, heart pumping is required for cardiac morphogenesis and altering myocardial contractility leads to abnormal intracardiac flow forces and valve defects [1] [2] [3] . Among the different mechanical cues generated in the developing heart, oscillatory flow has been proposed to be an essential factor in instructing endocardial cell fate toward valvulogenesis and leads to the expression of klf2a [4], a known atheroprotective transcription factor [5] . To date, the mechanism by which flow forces are sensed by endocardial cells is not well understood. At the onset of valve formation, oscillatory flows alter the spectrum of the generated wall shear stress (WSS), a key mechanical input sensed by endothelial cells. Here, we establish that mechanosensitive channels are activated in response to oscillatory flow and directly affect valvulogenesis by modulating the endocardial cell response. By combining live imaging and mathematical modeling, we quantify the oscillatory content of the WSS during valve development and demonstrate it sets the endocardial cell response to flow. Furthermore, we show that an endocardial calcium response and the flow-responsive klf2a promoter are modulated by the oscillatory flow through Trpv4, a mechanosensitive ion channel specifically expressed in the endocardium during heart valve development. We made similar observations for Trpp2, a known Trpv4 partner, and show that both the absence of Trpv4 or Trpp2 leads to valve defects. This work identifies a major mechanotransduction pathway involved during valve formation in vertebrates.
In Brief
Heart valve development is dependent on blood flow. Here, Heckel et al. identify two mechanosensitive channels and the mechanotransduction pathway leading to early heart valve morphogenesis. The cellular response was correlated with the oscillatory component of the flow, indicating that mechanotransduction is based on sensing of oscillatory stimuli.
SUMMARY
In vertebrates, heart pumping is required for cardiac morphogenesis and altering myocardial contractility leads to abnormal intracardiac flow forces and valve defects [1] [2] [3] . Among the different mechanical cues generated in the developing heart, oscillatory flow has been proposed to be an essential factor in instructing endocardial cell fate toward valvulogenesis and leads to the expression of klf2a [4] , a known atheroprotective transcription factor [5] . To date, the mechanism by which flow forces are sensed by endocardial cells is not well understood. At the onset of valve formation, oscillatory flows alter the spectrum of the generated wall shear stress (WSS), a key mechanical input sensed by endothelial cells. Here, we establish that mechanosensitive channels are activated in response to oscillatory flow and directly affect valvulogenesis by modulating the endocardial cell response. By combining live imaging and mathematical modeling, we quantify the oscillatory content of the WSS during valve development and demonstrate it sets the endocardial cell response to flow. Furthermore, we show that an endocardial calcium response and the flow-responsive klf2a promoter are modulated by the oscillatory flow through Trpv4, a mechanosensitive ion channel specifically expressed in the endocardium during heart valve development. We made similar observations for Trpp2, a known Trpv4 partner, and show that both the absence of Trpv4 or Trpp2 leads to valve defects. This work identifies a major mechanotransduction pathway involved during valve formation in vertebrates.
RESULTS AND DISCUSSION
Oscillatory Flow Is a Unique Mechanical Cue to the Atrio-Ventricular Canal Hemodynamic frequency harmonics have been proposed to be a critical determinant of the endothelial inflammatory phenotype [6] . This hypothesis is supported by the observation that, in vitro, atherogenic-like cell responses, NF-kB activity, and klf2 expression in endothelial cells are almost exquisitely responsive to the time-average t 0 and to the amplitude t 1 of the fundamental frequency of the wall shear stress (WSS) [6] . However, these fundamental assumptions have not been tested systematically in vivo during valve development because it has proven difficult to visualize the endocardial cell response and simultaneously quantify the oscillatory flow over a substantial timescale.
To investigate the nature of the oscillatory flow response in vivo, we developed an approach to measure and predict t 1 and t 0 in the developing heart. We developed an in silico model of a simplified beating heart, allowing the distribution of t 1 and t 0 to be represented and flow forces in the atrium, the ventricle, and the atrio-ventricular canal (AVC) to be compared at 48 hpf, which corresponds to the onset of valvulogenesis in zebrafish [7] . The viscous flow equations were solved numerically by imposing the experimentally deduced wall velocities as boundary conditions (see Supplemental Experimental Procedures). The model shows that, during the contraction of the atrium, the flow in the AVC is moving from the atrium to the ventricle, whereas flow reversal occurs close to the inflow tract, in the region of the lumen of the atrium that is closing ( Figure 1A ; Movies S1 and S2). At this stage, there is no functional valve [8] . As a result, the flow direction in the AVC reverses shortly before and during ventricular contraction, whereas no such reversal is observed in the atrium ( Figure 1B) . At the end of atrial filling and ventricular contraction, flow also reverses in a large region of the ventricle (Movie S1). To validate the simulation, single red blood cells (RBCs) were tracked to obtain local estimates of the flow velocity in vivo. RBCs were labeled using the tg(gata1:ds-red) transgenic line and imaged at high temporal resolution to resolve the endocardial wall and RBC dynamics in the same heart ( Figure 1C) . We found the model reproduces the key flow patterns observed in vivo and is in good agreement with the local measurements made in vivo ( Figures 1D and 1E ). We next analyzed both the time average t 0 and the oscillatory component t 1 of the WSS predicted by the model. t 0 shows peak values in the region close to the inflow tract of the atrium and a slight elevation in the AVC, though the difference between AVC and the rest of the heart is small ( Figure 1F ). By comparison, t 1 is maximized in the AVC and lower in the ventricle and atrium ( Figure 1F ). We also analyzed the amplitude t n of WSS oscillations associated to higher harmonics (i.e., frequencies that are multiples f = nf 1 of the fundamental frequency f 1 ) and found that t 2 is similarly high in the AVC, whereas this effect disappears for higher harmonics ( Figure 1F ). Together, these data show that the amplitude of the fluctuations associated with oscillatory flow are higher than the average shear stress and that t 1 is the main indicator of the oscillatory flow experienced by the AVC cells.
Oscillatory Flow Amplitude Mediates klf2a Expression Level in the Endocardium
To investigate how the endocardial cell response varies with t 0 and t 1 in the AVC, the atrium, and the ventricle, we generated a transgenic line containing a 6-kb fragment of the klf2a promoter, a known flow-responsive gene in zebrafish [4] and other vertebrates [9, 10] , leading to the expression of H2B-eGFP (Figure S1A ). GFP expression was observed specifically in the endocardium at 48 hr post-fertilization in the generated line ( Figure 2A ) and was enhanced in the AVC as expected from previous mRNA expression studies (Figures S1B-S1I) [4, 11] . Whereas the level of expression of the transgene does not allow to resolve fast fluctuation of the promoter activity due to the stability of the H2B-eGFP, we found that levels of GFP were reduced in the endocardium of the mutant of heart contraction silent heart (sih) and tnnt2a knockdown [12] , in which there is no flow, validating the flow dependence of the klf2a promoter fragment used ( Figures  S2A and S2C ). We additionally used Tg(fli1a:nls-mcherry), an ubiquitous endothelial nuclear label allowing to perform relative fluorescence measurements and precisely quantify H2B-eGFP fluorescence intensity driven by klf2a promoter. We defined anatomical landmarks of the cardiac chambers based on the expression of DM-GRASP, a protein which is specifically expressed in the AVC and separate the two cardiac chambers (Figures S1H and S1I; Movie S3). Our measurements revealed a specific increase of H2B-eGFP signal in the AVC by comparison with the atrial and ventricular endocardial cells ( Figure 2B ), correlating well with the region of maximal t 1 ( Figure 1F ). These findings confirm the necessity of intracardiac flow for klf2a expression in the endocardium.
To further demonstrate the importance of oscillatory flows and the key role of the fundamental frequency in the expression of klf2a, we next perturbed the flow conditions and studied the impact on both the oscillatory content of the shear stress and klf2a transgene expression in the AVC. In order to compare the oscillatory flow in different perturbed conditions, we used the fundamental harmonic index FH = t 1 /t 0 as a quantitative measurement, which is given by the ratio between the amplitude t 1 of the fundamental frequency and the time average t 0 of the WSS (see Figure S2B ). The FH index was modulated by reducing the number of RBCs and, as a consequence, the apparent viscosity of blood as shown previously [4] . We altered hematopoiesis by knocking down gata1 and gata2, two genes involved in early blood cell formation [13] . The H2B-eGFP fluorescence intensity of Tg(klf2a:H2B-eGFP) hearts was not altered in gata1 but was significantly decreased in gata2 morphants (MOs) in the cells of the AVC (60% decreased in comparison to gata1 knockdown and wild-type controls; Figure 2C ). We found these treatments lead to opposite phenotypes when analyzing the number of endocardial cells in the AVC: whereas gata1 knockdown increased the number of cells in the AVC (n = 47 ± 4), gata2 MOs lead to decreased numbers of fli + cells (n = 13 ± 4) in comparison to the controls (n = 25 ± 5) at 48 hpf ( Figure 2D ). Additionally, gata1 knockdown leads to increased number of klf2a-positive cells in the ventricle ( Figure S2E ). This observation is a confirmation that oscillatory flow modulates klf2a expression as the oscillatory flow amplitude is dramatically enhanced and observed in the AVC in the gata1 knockdown ( the gata2 knockdown. To test that this effect is not due to an off-target effect of the MO, we performed the same analysis in the double-knockdown gata1/2 and found the decrease of klf2a:H2B-eGFP expression was much lower than gata2 knockdown (25% versus 60%, respectively), suggesting that the impact of offtarget effects was low in that context. The flow velocity in the AVC in the different knockdowns was estimated by RBC tracking. Typical flow velocities were not significantly altered ( Figure 2E ), and therefore, both treatments lead to an overall decrease in the shear stress magnitude because of the reduced effective viscosity. The gata1 knockdown is characterized by an increased oscillatory flow, whereas the gata2 knockdown by a reduced oscillatory flow ( Figures 2F and S2D ). This is well represented by the FH index t 1 /t 0 , which increases by 40% in the AVC of gata1 knockdown hearts (t 1 /t 0 = 6.1 versus 3.4 in control), whereas it decreases (t 1 /t 0 = 2.1) in the AVC of gata2 knockdown hearts in comparison to controls (Figures 2F and S2D) . These results confirm the role of flow in the early stages of valve formation and suggest that reduced values of the FH index correlate with a reduction in the AVC cell number and klf2a expression level. By contrast, we found that the fractional shortening (a common index of contractility; cf. Supplemental Experimental Procedures) was not significantly affected in either condition, demonstrating that altered cardiac contraction is not responsible for the changes in klf2a:H2B-eGFP intensity observed (40% in control versus 36% in gata1 and 39% in gata2 for the atrial FS and 30% in control versus 25% in gata1 and 33% in gata2 for the ventricular FS; n = 18, 7, and 24, respectively). Comparing these knockdowns, we also analyzed the harmonic indexes t n /t 0 based on the amplitude t n of higher frequency harmonics. The higher harmonic indexes are extremely low in gata1 knockdown and do not show any obvious correlation with the phenotypes induced by gata1 and gata2 knockdowns ( Figure 2G) , confirming that the fundamental frequency t 1 is among the most-relevant components of the oscillatory flow in the AVC. We confirmed the oscillatory flow dependence of the klf2a transgene by impairing heart contraction through cmlc1 depletion or lidocaine treatment, both of which reduce the FH index of the WSS, and then measuring the level of GFP expression. Similar to sih mutants and tnnt2a knockdown, these treatments lead to decreased endocardial cell numbers in the AVC and to a decrease in klf2a transgene expression ( Figures S2A, S2C , and S2F), albeit to a lesser extent.
Trpp2 Controls klf2a Expression
Given the apparent importance of the mechanical forces during cardiovascular development and diseases [14] , we next addressed the molecular basis of endocardial mechanodetection. Polycystic kidney disease (PKD) is one of the most-common life-threatening genetic diseases. It is usually associated with loss of Trpp2 function, and a strong prevalence of valvulopathies is observed in patients suffering from this disease [15] . Because Trpp2 is a known channel sensitive to mechanical input [16, 17] , we hypothesized that Trpp2 controls valve morphogenesis through its mechanosensitive functions. We first analyzed the subcellular distribution of Trpp2 using a Tg(fli1a:gal4ff;UAS:kaede; UAS:trpp2-mCherry) line and found it is localized at the apical side of the endocardial cell membrane ( Figures 3A and 3B) . We next quantified klf2a expression levels in embryos with a null allele of trpp2 tc321 (Cup mutants) [18] as well as in trpp2 knockdowns and found that klf2a transgene expression was reduced (40% decrease compared to the controls; Figures 3C, 3D , 3F, and S3A). The number of endocardial cells in the AVC of the trpp2 tc321 and the trpp2 knockdown embryos was also reduced in comparison to the controls (Figures S3B and S3C) . Absence of Trpp2 did not affect heart function as revealed by the absence of changes in fractional shortening (40% in control versus 43% in trpp2-depleted embryos for the atrial FS and 25% in control versus 20% in trpp2-depleted embryos for the ventricular FS; n = 18 for each condition) and a normal FH index in the AVC at 48 hpf ( Figure S2G ). These data indicate that trpp2 is critical for klf2a expression in the AVC.
Trpv4 Controls Endocardial klf2a Expression
The decrease of klf2a expression in trpp2 mutants suggests the TRP calcium channels may mediate mechanotransduction in endocardial cells during valvulogenesis. However, trpp2 is ubiquitously expressed and cannot explain endocardial sensitivity alone [19] . It has been proposed that Trpp2 acts together with Trpv4, another TRP channel, in different cell types [20] . Importantly, Trpv4 is highly expressed in the early endocardium [21] and is responsive to cyclical stretch in endothelial cells [22] . Because cyclical stretch is a strong stimulus for engineering valve-like endothelium [23] , we hypothesized that trpv4 contributes to endocardial mechanosensitivity during valvulogenesis and decided to address its role. To test the contribution of trpv4 to valve morphogenesis, we first analyzed the number of endocardial cells and level of klf2a expression in the AVC following its knockdown by two different morpholinos and in mutant allele of Trpv4 (trpv4
sa1671À/À
). In all conditions, the loss of trpv4 resulted in a decrease in the number of fli + AVC cells and a decreased level of klf2a transgene expression in the remaining fli + cells at 48 hpf ( Figures 3E, 3F , and S3A-S3C). These results demonstrate that Trpv4 mediates the endocardial mechanosensory response because it is necessary for klf2a expression in endocardial cells. We next determined the subcellular distribution of endocardial Trpv4 in vivo. We generated a Trpv4 fusion protein and analyzed its subcellular distribution in the endocardium using a tg(fli1a:ga4lff; UAS:kaede; UAS:trpv4-mCherry) line. We found that Trpv4 was mainly localized near the apical side of the endocardial cell membrane toward the heart lumen ( Figures 3G and 3H ) and that the Trpv4 proteins were also sometimes enriched at the cell-cell boundaries. Even though these distributions are based on protein overexpression, the pattern recapitulates what was previously reported in vitro [22, [24] [25] [26] and supports its potential as a detector of intracardiac flows.
Trpv4 and Trpp2 Control Valve Morphogenesis
To confirm these results, we next analyzed heart valve shape in the Trpv4 and Trpp2 mutants at later stages, when the leaflets would normally be functional. Both mutants presented dramatic valve defects at 80 and 96 hpf ( Figures 3I and 3J ) including abnormal morphology of the upper valve (relative to the plan of the figure; 60% and 70%, n = 5 and 10, respectively, at 80 hpf; 50% for both, n = 16 and 10, respectively, at 96 hpf) and lower valve atrophy (63% and 70%; n = 16 and n = 10, respectively, at 96 hpf). To test whether these morphological changes are due to a decrease in cell number or to an abnormal cellular re-organization during valve morphogenesis, we counted the cell number at 96 hpf by counting the nuclei number in the AVC of Tg(fli1a:nls-mcherry) in volumetric reconstitution (Figure S3D ; Movies S4). We found that the total number of cells was not changed in the AVC ( Figure S3D ) but that the base of the upper and lower leaflets was significantly thinner in the mutants at 96 hpf ( Figures 3K and 3L) . Furthermore, by following AVC cell number in single embryos between 48 and 96 hpf, we found that embryos having lower number of cells in the AVC at 48 hpf always had abnormal valve morphology ( Figure S3E ) but that the cell number was back to normal at 72 hpf in the AVC. These results suggest that the defects in valve shape are due to an abnormal cellular re-organization during the course of valve formation and, possibly, to a delay of the valve leaflets morphogenesis. Considering, the fractional shortening and the FH index are not significantly affected in both conditions at that stage (Figure S2G) , the observed valve phenotype is not due to altered heart function. We next tested whether the overexpression of trpp2 and trpv4 was sufficient to rescue the valve defects observed in gata2 knockdown, where the oscillatory flow is (legend continued on next page) reduced, and found that it partially rescues heart valve development ( Figure S3F ). Nevertheless, gata1 knockdown was not sufficient to rescue Trpp2 and Trpv4 loss of function, even though the oscillatory flow is enhanced in this condition.
Together, these data demonstrate a role for TRP channels Trpp2 and Trpv4 in the process of mechanotransduction leading to early valve morphogenesis.
The Oscillatory Flow, Trpv4, and Trpp2 Modulate Endocardial Intracellular Calcium Level Because mechanotransduction and calcium signaling are interconnected, we investigated the endocardial calcium response in real time at the early stages when klf2a begins to be expressed in the AVC, in response to the oscillatory flow (48 hpf). Using the endothelial-specific expression of a genetically encoded calcium indicator (Tg(fli1a:gal4ff; UAS:gcamp3.0)) [27] , we observed that the calcium level was increased in the AVC and was lower in the atrium and ventricle ( Figure 4A ), consistent with the discussed pattern of the fundamental frequency observed at this stage. Thus, similarly to klf2a transgene expression, these results indicate that changes in oscillation amplitude correlate with a specific calcium level at every point of the heart. We also found that the absence of flow in sih mutants and in cmlc1 morphants [28] , as well as the 40% decreased FH index in gata2 morphants, lead to a decrease in endocardial cell calcium levels in the AVC ( Figure 4B ). Importantly, opposite observations were made with gata1 knockdown, in which FH index is increased ( Figures 4A and 4B) . Strikingly, the calcium response was low in the AVC of trpv4 and in trpp2 mutants (67% and 42% decrease versus controls, respectively) as well as in the respective knockdown ( Figure 4C ). Furthermore, the calcium response was rescued in the sih by adding the Trpv4-specific ligand 4aPDD to the embryos (3-fold increase compared to untreated fish; Figures 4D and 4E ). Similar treatments in gata2 knockdown embryos restored almost normal calcium and klf2a expression level ( Figures 4B and 4F) . Altogether, these data suggest that oscillatory flow is necessary to control intracellular calcium entry in endocardial cells and is mediated by trpp2 and trpv4. Overall, our data suggest a model where the oscillatory flow generates mechanical fluctuations, which dictate klf2a expression and calcium levels through TRP channels ( Figure 4G ).
DISCUSSION
Previous work has focused on identifying signals that modulate specification of valve progenitors in response to flow, but the mechanism by which the mechanical signals are sensed by endocardial cells remained unknown. This work identifies key elements of the endocardial mechanodetection-signaling pathway, consisting of the membrane-bound mechanosensitive channels (Trpp2 and Trpv4) and a calcium-activated intracellular signaling cascade leading to klf2a expression and valve morphogenesis. Our observation that the fundamental frequency index increases with klf2a expression levels suggests that endocardial cells detect oscillatory flow and segregate different mechanical stimuli into discrete cellular responses in the endocardial cell layer. Based on these findings, we propose that the mechanotransduction pathway mediated by Trpv4/ Trpp2 can determine the level of klf2a expression and also transmits information to establish, propagate, and regulate the cellular re-organization necessary for valve morphogenesis. A mechanism of mechanotransduction based on oscillation sensing might be a generic mechanism at work during embryogenesis as oscillatory behavior, such as contractility, is widespread during morphogenesis [29, 30] . This unique mechanism of flow sensing suggests that endocardial cells will serve as a valuable model to study cell mechanosensitivity in vivo and might be at work in other parts of the cardiovascular network, such as the branchial arches and the cardiac chambers, where klf2a function is also required [31, 32] . In addition to our findings that provide insight into the contribution of TRP channels to valve development, this work also raises the possibility that valvulopathies in humans, such as in PKD patients where trpp2 can be mutated [15] , might be due to early, abnormal valve morphogenesis.
EXPERIMENTAL PROCEDURES
All zebrafish strains were maintained at the IGBMC under standard husbandry conditions. Animal experiments were approved by the Animal Experimentation Committee of the Institutional Review Board of the IGBMC.
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